The procurrent rays occur at the leading edge of the caudal fin in bony fishes and are taxonomically variable and possibly important to caudal motion. Using radiographs, as well as stained and cleared specimens, of threespine sticklebacks (Gasterosteus aculeatus L., 1758) from lakes on Haida Gwaii, British Columbia, we examined the extent of individual and population variabilities in these rays. Among 1113 fish from Drizzle Lake, 53% of individuals were dorsoventrally asymmetric in number of rays of which 95% had greater number of rays on the dorsal lobe. On 274 fish, we also quantified dorsal to ventral (D/V) ratios of the width of the most posterior procurrent rays and found ontogenetic shifts with symmetrical D/V ratios in subadults shifting to significant dorsal biases on the larger fish (60-90 mm standard length (SL)). Males have proportionally greater dorsal bias than females of equivalent size in both number and width of procurrent rays. We examined D/V width ratios in 105 stained and cleared specimens from 13 additional allopatric lake populations on Haida Gwaii. Eight populations were symmetrical for width of dorsal and ventral rays, while three populations were ventrally biased and two populations were dorsally biased. D/V ratios were best predicted by positive associations with adult body size and negative associations with total number of gill rakers.
Introduction
The homocercal tail is the major source of thrust for most modern bony fishes (Gosline 1961; Aleyev 1969 ). This externally symmetrical fin masks a complex dorsoventral asymmetrical internal support structure. Procurrent rays, which are embedded in the soft tissues of the peduncle, occur on the dorsal and ventral midline immediately anterior to the principal caudal-fin rays. The procurrent rays are attachment points for muscles (Nag 1967) , broaden the peduncle and influence caudal propulsion (Borazjani and Daghooghi 2013) , and in some taxa, may facilitate reproduction (Fink and Weitzman 1974) . Number of dorsal and ventral procurrent rays are often equal, but this can range among taxa from ventral bias to dorsal bias and is taxonomically informative for phylogenetic classification (Nag 1967; Smith-Vaniz 1978; Coburn and Cavender 1992; Hoshino 2001; Arratia 2005; Pereira et al. 2007) . Apart from studies on ostariophysans (Arratia 1983 (Arratia , 1987 , there has been limited attention in assessing the extent, if any, of intraspecific variability in this trait. Because it is integral to the support structure of the caudal fin, it might be highly conserved within a species.
Here, we examine the procurrent rays in freshwater populations of the threespine stickleback (Gasterosteus aculeatus L., 1758). A previous study on the caudal fin of this species (Lindsey 1962) has shown that the number of principal rays in the dorsal and ventral lobes of the caudal fin are highly symmetrical leading to the expectation that the procurrent rays might also exhibit dorsoventral symmetry. We count numbers of dorsal and ventral procurrent rays in a large sample from a single population, as well as compare dorsal to ventral (D/V) width ratios of these rays among 14 allopatric lake populations, of threespine stickleback from Haida Gwaii, British Columbia. This archipelago exhibits a remarkable morphological diversity of sticklebacks, much of which appears to be associated with differences in the spectral and biophysical attributes of the populations . Based on molecular markers, each of these populations is thought to be independently derived from the widely distributed marine ancestor (Deagle et al. 2013) . Our measurements are performed on the most posterior procurrent ray on dorsal and ventral lobes of the caudal fin. This site makes up the leading edge of the fin, where the caudal vortex is initiated, affecting the flow and force generation in caudal propulsion (Borazjani and Daghooghi 2013) . Our aim is to determine the extent of variation in dorsoventral asymmetry and, if present, assess whether any of the variation is associated with several standard morphological variables (body size, sex, gill rakers, number of lateral plates) and habitat parameters (lake volume, water clarity, pH), as these traits are known to differ substantially among these populations ).
Materials and methods
Using radiographs obtained during a study on variation in the vertebral column of threespine sticklebacks (henceforth sticklebacks) collected from Drizzle Lake, Haida Gwaii (Reimchen and Nelson 1987) , number of dorsal and ventral procurrent rays were counted on 1113 sticklebacks. The majority of fish were adults ranging from 70 to 90 mm standard body length (SL). The amount of ossification was occasionally very weak in the small and most anterior procurrent ray, which reduced contrast on the radiograph, therefore limiting reliable scoring on some individuals. Consequently, as a separate metric for the dorsoventral differences, we examined the most posterior of the large procurrent rays immediately anterior to the principal caudal rays and measured the width of this ray at the position corresponding to maximum hypural plate height on the dorsal and ventral lobes of the caudal fin (Fig. 1) . We also measured total length of this ray, but the weak ossification at the distal end of the ray limited measurement precision in the smallest size classes of fish and we did not use length in our analyses. Measurements on the radiographs were made under a dissecting microscope using an ocular micrometer (width ± 0.02 mm, length ± 0.04 mm).
To evaluate the extent of interpopulation variability in procurrent rays, we photographed 105 stained and cleared caudal fins of adult sticklebacks from 14 lake populations prepared during a previous study on lateral-plate structure (Reimchen 1983) and measured the width of the procurrent ray as described above with the intrapopulation data. The largest body sizes were chosen from each sample (range of N = 4-18; mean = 7.5). Initially, we examined number of dorsal and ventral procurrent rays, but the smallest and most anterior rays were weakly stained and could not be reliably scored. The digital images were quantified using Image-J software (Rasband 2014) . We tested measurement repeatability for procurrent ray width measurements on 20 individuals and the correlation was high (dorsal width = 0.95; ventral width = 0.86).
Two different proxies for dorsoventral asymmetry were computed. For total counts, we used number of dorsal procurrent rays minus number of ventral procurrent rays; for size data, we used the ratio of dorsal and ventral procurrent widths. Total counts for males and females were compared using contingency tables. Size ratios were compared (ANOVA) among populations with respect to SL and several additional variables (gill rakers, left lateral plates, lake volume, water clarity, pH) using partial correlation analyses. Biophysical data were extracted from Reimchen et al. (2013) . Sex data was not available for the stained and cleared specimens. All analyses were performed using SPSS version 21.0 (IBM Corporation 2013).
Results
Among the radiographs for the Drizzle Lake population, number of dorsal and ventral procurrent rays, each of which ranged from five to eight, were modal at seven for both sexes. Approximately one-half of the fishes (53%) were dorsoventrally asymmetric ranging from +3 (dorsal excess) to −3 (ventral excess) among which 95% were dorsally biased, this effect being greatly accentuated in males relative to females (Mann-Whitney U test; z = −10.7, P < 0.001) ( Table 1) .
We examined D/V ratios of the procurrent ray widths within the Drizzle Lake population (Table 2 ). Ontogenetic differences are present with D/V ratios near unity occurring in the smallest body size classes and increased dorsal bias occurring on larger fish, the effect being accentuated among males relative to females of the same body size (SL: F [5, 262] = 8.0, P < 0.001; sex: (F [1, 262] = 7.5, P < 0.01; interaction effect: (F [5, 262] = 2.1, P < 0.07) (Fig. 2) . SL and sex account for 11% and 2.5% of the total variation, respectively. We found the same trend within a single cohort sampled over sequential years (F [9, 75] = 3.7; sex: P < 0.01; size class: P < 0.01; sex × size class: P = 0.7). There were no significant associations for D/V ratios against relative body depth (F [1, 262] = 0.15, P > 0.7), numbers of abdominal vertebra (F [1, 262] = 0.3, P > 0.5), or total numbers of vertebra (F [1, 262] = 0.15, P > 0.9).
Among the 14 lake populations, the mean D/V ratio of the procurrent ray widths for adult sticklebacks is close to unity (1.04) but with considerable variation among populations (range 0.84-1.25; F [13, 91] = 3.8, P < 0.001; Fig. 3 ). The three populations with significant ventral-biased ratios (Darwin, Smith, Sundew) had small adult body size and were found in clear water lakes of the mountainous regions of Moresby Island. In contrast, two of the three populations with a significant dorsal bias (Drizzle, Mayer) had the largest adult body sizes and occurred in stained bog lakes of Graham Island. Examining D/V ratios in relation to population means for adult SL, number of gill rakers, and number of lateral plates showed a weak negative association with SL (r = −0.47, P < 0.1), a strong negative association with gill rakers (r = −0.63, P < 0.02), and no association with lateral plates (r = −0.30, P = 0.29). Partial correlation, controlling for body size, yields a strong negative association with gill rakers (r = −0.70, P < 0.01) and no association with lateral plates (r = −0.28, P = 0.38). Habitat parameters show the strongest negative association with lake pH (r = −0.71, P < 0.01), a marginal negative association with water clarity (r = −0.053, P = 0.05), and a weak positive association with lake volume (r = 0.43, P = 0.12). Partial correlations, controlling for body size, showed a significant negative association with pH (r = −0.62, P < 0.04) and no effects for water clarity or lake volume (P > 0.3 in both cases).
Discussion
The symmetrical dorsal and ventral lobes of the homocercal tail are a distinctive feature of most bony fishes and are generally assumed to produce a horizontal thrust along the body axis (Aleyev 1969 ). We evaluated whether there was any dorsoventral asymmetry in the relative number and size of the procurrent rays immediately preceding the caudal-fin rays, predicting this would be highly conserved given the importance of the symmetrical dorsal and ventral caudal lobes for generating thrust. We found, however, a general dorsal bias and substantial intra-and interpopulation differences in both direction and extent of dorsoventral asymmetry. Intraspecific differences in procurrent rays have also been reported by Arratia (1987) , who found a ventral bias in number of procurrent caudal rays among several species of Characiformes across different size classes.
Our observations of greater number and size of the procurrent rays are generally consistent with previous observations on anatomy and motion of the caudal fin in teleosts. Procurrent rays serve as a surface for the terminal attachment of muscles in the tail (Nag 1967) and there is a general dorsal bias to the musculature (Gibb et al. 1999; Flammang and Lauder 2008) , as well as a corresponding skeletal asymmetry (Schultze and Arratia 1986; Ishikawa 1992) . Bainbridge (1963) observed dorsoventral bending of the caudal fin among cyprinids, suggesting a mechanism for uninterrupted thrust generation due to continuous lateral motion of the caudal fin as ventral, centre, and dorsal caudal margins all travel through the point of maximum lateral amplitude sequentially. He also observed that the dorsal lobe achieves greater amplitude of motion. Advanced imaging techniques and flow visualizations have quantified this dorsoventral asymmetric motion in steady swimming (Lauder et al. 2003) . The dorsal lobe trails the ventral lobe in the tail beat, exhibits greater lateral excursion from the midline, and attains a higher maximum velocity (Lauder 2000) . Muscle activation is also dorsally biased in a variety of swimming speeds and modes Lauder 2008, 2009 ). The result of this asymmetrical movement is a thrust vector oriented slightly below the horizontal, with a net force upwards on the caudal trunk. This causes a reactive force, acting through the centre of mass, directing the head downwards. In straight-line swimming, this force imbalance is counteracted by pectoral lift (Nauen and Lauder 2002) . Hydrodynamic simulation and foil-fin experiments reveal that differential thrust and lateral-force propagation generates asymmetric vorticity in the caudal wake with asymmetrical tail motion (Zhang et al. 2012) . Subtle dorsoventral asymmetries in caudal motion might allow higher precision and control of thrust and vortex generation, increasing efficiency of caudal propulsion. Being that this dorsoventral asymmetric configuration of muscle and motion is highly conserved, it might be expected that this would strike the optimum balance for locomotion and hydrodynamics, for example, minimum energy expenditure for maximum speed and maneuverability. Current three-dimensional volumetric imaging techniques (Flammang et al. 2011 ) are capable of distinguishing subtle differences in thrust and vortex generation in a variety of swimming modes. To date, these studies of hydrodynamic form and function have not addressed intraspecific morphological variation.
Early ontogenetic shifts in the caudal-fin development were documented initially in stickleback (Huxley 1859 ) and subsequently in other taxa (Metscher and Ahlberg 2002) , showing that hypural plates and rays develop below the notochord and turn progressively upwards through development and grow to extend the caudal fin posteriorly. Our observations that larger sticklebacks had a greater dorsal bias in expression of procurrent rays can in part be seen in the context of this ontogenetic transition. Yet, this size effect accounted for <15% of the total dorsoventral variability. Although our data set are limited, we found that D/V ratios, controlling for differences in body size, were best predicted by number of gill rakers and lake pH. Both of these traits generally characterize a trophic continuum ranging from benthic, with fewer gill rakers, often found in dystrophic low-productivity lakes, through to limnetic, with high number of gill rakers, prevalent in large oligotrophic lakes where fish are plantivorous and pelagic (Reimchen et al. 1985; Reimchen and Nosil 2006) . These trends are comparable elsewhere in the distribution of sticklebacks (Schluter and McPhail 1992) . This could also contribute to male-biased D/V ratios, as males tend to be more benthic than (Reimchen and Nelson 1987; Reimchen and Nosil 2002; Spoljaric and Reimchen 2008) . It is likely that the general foraging or escape behaviour of these fishes (benthic versus limnetic) would influence their swimming geometry (e.g., body axis inclination, body length/depth ratio) and this might structure the thrust vectors and relative importance of the dorsal and ventral procurrent rays. Incorporating intraspecific variability and niche associations into the obser- vations of hydrodynamic experiments may reveal additional functional aspects of this dorsoventral asymmetrical structure and motion in the homocercal tail.
